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INTRODUCTION 

Victorian brown coal  is a low rank,  low ash l i g n i t e  with an elemental  composition 
s i m i l a r  t o  North Dakota l i g n i t e  (see Table 1). 

Table 1: Comparison o f  V i c t o r i a n  Brown Coal and North Dakota Ligni te  

A s  Received Daf b a s i s  

S H O  - C - H - O N  - -2- 
Victor ian 
Morwell C o a l  (1) 

North Dakota 
Ligni te  (2)  

62.5 69.3 5.0 24.5 0.6 0.6 

69.4 4.3 23.1 0.1 2 . 5  25.0 

Previous batch autoclave 
have confirmed t h a t  brown c o a l  i s  s u i t a b l e  f o r  d i r e c t  c a t a l y t i c  hydrogenation 
giving high y i e l d s  of l i q u i d  products.  Furthermore, brown coal  is  an exce l l en t  ion- 
exchange medium primari ly  because a s i g n i f i c a n t  amount of t h e  bound oxygen i s  
present  i n  carboxylic (%2.6 mol kg-’) and phenolic (’L3.2 mol kg-l) funct ional  groups. 
This property h a s  been exp lo i t ed  t o  achieve high d i spe r s ion  of metal c a t a l y s t s  
throughout t h e  coa l .  

The work presented he re  i s  aimed a t  developing c a t a l y s t s  and r eac t ion  condi t ions 
which m a x i m i s e  t h e  conversion t o  a low oxygen r e f i n e r y  feedstock. Product d i s t r ibu t ion  
dependences on reac t ion  temperature (345-460°C : 6MPa H 2 )  and hydrogen pressure 
( 1 - 1 O M P a :  385OC) using i ron ,  t i n  and syne rg i s t i c  i r o n  + t i n  (trace) c a t a l y s t s  a r e  
compared t o  those f o r  un t r ea t ed  Morwell coa l .  

EXPERIMENTAL 

Coal Preparat ion and Hydrogenation 

The coal  and c a t a l y s t s  w e r e  prepared f o r  hydrogenation by t h e  method of Jackson e.3 The coal (3.0 g) w a s  d r i e d  under ni t rogen a t  1 0 5 T  t o  constant  weight and 
s l u r r i e d  (1: 1) with AR grade t e t r a l i n  a s  t h e  vehicle .  The hydrogenations were 
performed i n  a 70 m l  rocking autoclave heated t o  r eac t ion  temperature i n  11 minutes. 
Reaction t i m e  w a s  one hour a t  temperature a f t e r  which the  autoclave w a s  quenched i n  
an ice bath.  

using hydrogen gas  with t e t r a l i n  as t h e  vehicle 

5 

Catalyst  concentrat ions used f o r  t h e  study were as follows: 

Coal Ca ta lys t  Concentration (mmol/kg daf coal)  - 
un t rea t ed  Fe 30 
i ron t r e a t e d  Fe 300 f 40 
t i n  t r e a t e d  Sn 200 f 20  
syne rg i s t i c  i r o n - t i n  
t r e a t e d :  Fe 300 f 40 

Sn 2 0  f 10 
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Product Analysis 

Product gases (co, co2, C H ~ ,  c ~ H ~ ,  c2 H6, c H , c H 
analysed by GLC using a standard gas  mixturz For $aflbratfoA? 
determined i n d i r e c t l y  by d i f f e rence .  
r eac t ion  using CH2C12 and t h e  water produced w a s  determined by azeotropic  
d i s t i l l a t i o n .  
CH2C12 and the  residue d r i ed  a t  105°C under nitogen t o  determine the  t o t a l  
conversion. 
( insoluble  i n  l i g h t  petroleum) and o i l  ( so lub le  i n  l i g h t  petroleum). Elemental 
analyses f o r  C ,  H ,  0 ,  N ,  s were performed by t h e  Austral ian Analyt ical  
Laboratories.  
(Equation 1) 

n-C H , i-C4H10)were 
Hydrogen was ' The l i q u i d  product w a s  removed from t h e  

The insoluble  mate,rial w a s  soxhlet  ex t r ac t ed  f o r  12-15 hours with 

The C H z C 1 2  soluble  ma te r i a l  w a s  f u r t h e r  divided i n t o  asphaltene 1 < 

The d i r e c t  ana lys i s  f o r  oxygen w a s  c r o s s  checked by d i f f e rence  

Wt% 0 = 100 - %C - %H - %S - %N (1 

Acidic oxygen was determined by non aqueous t i t r a t i o n  using t h e  method of Brookes 
and Maher.6 

TEMPERATURE DEPENDENCE 

Total  Conversion 

The temperature dependences of t h e  product d i s t r i b u t i o n s  f o r  un t r ea t ed  i ron ,  t i n  
ana i ron - t in  t r e a t e d  coa l s  a t  GMPa i n i t i a l  hydrogen pressure are shown i n  FIGURES 
1A-D. The t o t a l  conversions a r e  compared i n  FIGURE 2 .  The temperature range 
chosen f o r  study w a s  from 345-460OC. A t  temperatures below 345' conversion w a s  too 
low f o r  meaningful measurements and a t  temperatures above 460° decomposition or 
t e t r a l i n  can become a s i g n i f i c a n t  problem.7t8 

The t o t a l  conversion of untreated coal  i nc reases  s t e a d i l y  from 35% t o  63% 
between 345'C and 425OC then it l e v e l s  o u t  t o  65% a t  460°C. 
r e s u l t s  i n  a rapid increase i n  t o t a l  conversion from 37% a t  345OC t o  63% a t  385OC 
a f t e r  which it increases  s t e a d i l y  t o  72% at  460°C. The t i n  c a t a l y s t  i nc reases  t h e  
conversion dramatically from 43% a t  345°C t o  73% a t  385OC a f t e r  which it increases  
r egu la r ly  t o  81% a t  46OOC. The i ron - t in  c a t a l y s t  is  not  as e f f i c i e n t  as t h e  t i n  
c a t a l y s t  up t o  385OC a s  t H e  conversion i s  only 66% a t  385'C. However, above 385°C 
the conversion rises sharply reaching 85% a t  425OC af ter  which it l e v e l s  out  with a 
maximum of  88% a t  4GO"C. Above 400°C the products from the  t i n  and i ron - t in  coa l s  
are increasingly unstable  with increasiny amounts of CHZC12 insoluble  ma te r i a l  being 
p rec ip i t a t ed  dulriEg product work up. The r e s u l t  i s  reduced t o t a l  conversions a t  
a l l  temperatures compared with f indings using a l a rge r  1 l i t r e  autoclave.  5f9f10 
The r e s u l t s  should the re fo re  be viewed as internal1.y c o n s i s t e n t ,  but  not  d i r e c t l y  
comparable with work i r ,  l a r g e r  autoclaves with d i f f e r e n t  temperature p r o f i l e s .  

Conversion t o  Useful Liquid Products ( O i l  and Asphaltene) 

Between 365 a.nd 425OC the  t h r e e  cacalysed coa l s  c f f e r  s i g n i f i c a n t l y  inproved CA2Cl,, 
snluble  l i&d ( o i l  + asphaltene) y i e l d s  compared t o  un t r ea t ed  coa l  (FIGURE 3 ) .  
A t  341;OC t i n  gives an 8% improvement while t h e  i ron - t in  and i r o n  c a t a l y s t s  o f f e r  no 
improvement over t h e  un t r ea t ed  coa l  y i e l d  of 20% (daf c o a l )  a t  t h a t  temperature. 
In  t h e  region 365"-385OC t i n  continues t o  be superior  g iv ing  4-5% more l i q u i d  product 
than t h e  Fe-Sn, 10-14% b e t t e r  than Fe and 22% more than un t r ea t ed  coa l .  However, 
above 405OC the  y i e ld  of l i q u i d  product from t i n  coal  d e t e r i o r a t e s  s i g n i f i c a n t l y  
from 50% a t  405°C t o  42% a t  460°C. This can be a t t r i b u t e d  t o  increased y i e l d s  of 
hydrocarbon gases and s i g n i f i c a n t  repolymerisation of asphal tenes  during product 
workup. 
0.5 t o  1 .5  9.) 
useful  l i q u i d  products from 4 4 % a t  385OC t o  57% a t  425OC a f t e r  which it decreases 
s l i g h t l y  t o  55% a t  460OC. 

An i ron based c a t a l y s t  

- 

(The t o t a l  o i l  + asphaltene y i e l d  i n  these  small  s c a l e  experiments i s  only 
Above 385'C t h e  Fe-Sn c a t a l y s t  dramatical ly  increases  the  y i e l d  of 

This improvement i n  y i e l d  a t  higher  temperatures i s  due 
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t o  t h e  formation of a more stable product r e l a t i v e  t o  t h e  Sn c a t a l y s t  system while 
the s l i g h t  decrease a t  46OoC can be  a t t r i b u t e d  t o  t h e  increased production of 
hydrocarbon gases and some repolymerisat ion.  The i r o n  c a t a l y s t  smoothly increases 
t h e  l i q u i d  y i e l d  a t  41% a t  405OC and then l e v e l s  ou t .  The l i q u i d  yield 
from untreated coa l  i nc reases  s t e a d i l y  t o  3 7 %  a t  425OC a f t e r  which t h e r e  i s  l i t t l e  
improvement. 

The asphaltene temperature dependence (FIGURES 1A-D) is  s imi l a r  f o r  t h e  four  coals 
with the y i e l d  increasing with temperature t o  a maximum of 405OC f o r  untreated,  
i r o n  and i ron  - t i n  c o a l s  and 3 8 5 ' C  f o r  t i n  t r e a t e d  coa l  a f t e r  which it 
decreases regular ly  with inc reas ing  temperature.  
superior  t o  the o the r  t h r e e  c o a l s  f o r  producing o i l  (FIGURES 1A-D) a t  a l l  
temperatures except i n  t h e  region o f  4 0 0 O C .  
daf coal with the i ron - t in  c a t a l y s t  between 425 ' -46OoC.  
un t r ea t ed ,  i ron and t i n  coa l s  i s  s imilar  reaching a maximum of  30% daf coa l  a t  
460OC.  The m i n o r  v a r i a t i o n s  i n  t h e  t r end  can be a t t r i b u t e d  t o  t h e  formation and 
breakdown of t he  asphal tenes .  
more asphaltenes a t  temperatures below 405OC which a r e  degraded t o  o i l s  a t  higher 
temperatures. 

The i r o n - t i n  c a t a l y s t  i s  c l ea r ly  

The m a x i m u m  o i l  production i s  3 5 - 3 8 %  
The o i l  production fo r  the 

The major e f f e c t  of a l l  t h e  c a t a l y s t s  is t o  produce 

Oxygen Dis t r ibu t ion  i n  t h e  Products  as a Function of Reaction Temperatures 

I n  developing use fu l  c a t a l y s t s  f o r  brown coal  l i que fac t ion  one major ob jec t ive  i s  
t o  achieve a high y i e ld  of low oxygen content  l i q u i d .  It is important t o  know how 
the oxygen i s  d i s t r i b u t e d  i n  the products  and i n  what form ( H 2 0 ,  C 0 2 ,  CO) 
removed from the  coal  system. The oxygen d i s t r i b u t i o n s  fo r  products  from the  four 
coals a re  shown i n  FIGURES 4A-D. 

Generally r a i s i n g  the  r eac t ion  temperature removes more oxygen, p r imar i ly  a s  water. 
I n  a l l  cases  carbon monoxide product ion inc reases  s l i g h t l y  with increased 
temperature while co2 formation appears t o  reach a maximum i n  t h e  region o f  385Oc 
a f t e r  which it decreases  s l i g h t l y  f o r  t h e  t h r e e  catalysed coals .  There i s  no such 
maximum reached i n  the  carbon dioxide produced from t h e  untreated coal .  A s  the 
majority of the carbon dioxide i s  formed a t  l o w  temperatures ( 2 0 0 - 3 0 0 ° C )  by 
decomposition of carboxyl groups,any v a r i a t i o n  on t h i s  l e v e l  i s  probably a 
response t o  changes i n  t h e  equi l ibr ium of  t h e  w a t e r  gas  s h i f t  r eac t ion .  Tin is 
c l e a r l y  t h e  superior  c a t a l y s t  f o r  removing oxygen from t h e  coa l  products with the 
general  order  being 

it i s  

Sn > Fe - Sn Fe > un t rea t ed  

A t  46OOC t i n  has  removed 98% o f  the oxygen, i r o n  and i ron - t in  approximately 80% 
and untreated coal  has  l o s t  on ly  67%. I n  f a c t  l i t t l e  f u r t h e r  oxygen is removed 
from untreated coal above 4 0 5 O C .  The d i s t r i b u t i o n  o f  a c i d  oxygen i n  t h e  CH C 1  
insoluble  res idue is s i m i l a r  f o r  a l l  t h r e e  ca t a lysed  react ions.  
difference i s  that t i n  has  removed s i g n i f i c a n t l y  more non a c i d i c  oxygen from the  
residue a t  lower r eac t ion  temperatures.  The oxygen content i n  the  asphaltene i s  
s i m i l a r  f o r  t he  th ree  c a t a l y s t s ,  reaching a maximum i n  t h e  region of  385 'C and 
decreasing a t  higher  temperatures.  The oxygen l e v e l  i n  the  asphal tenes  from un- 
t r e a t e d  coal  i s  almost i n v a r i a n t  w i th  r e a c t i o n  temperature.  
c a t a l y s t  f o r  the removal of  oxygen from t h e  o i l  f r a c t i o n s  a t  temperatures above 
385OC while t he  i ron  and i r o n - t i n  c a t a l y s t s  have s i m i l a r  a c t i v i t y  and are b e t t e r  
than untreated coa l .  A t  temperatures below 385OC t h e r e  is, i n  a l l  cases ,  an increase 
i n  t h e  oxygen l eve l  i n  t h e  o i l  f r a c t i o n  as t h e  r eac t ion  temperature decreases with 
t h e  t r end  being most marked f o r  t h e  t i n  and i ron - t in  c a t a l y s t s .  
t h a t  the c a t a l y s t s  a r e  breaking carbon-oxygen bonds a t  low reac t ion  temperature 
b u t  do not have t h e  a b i l i t y  to  remove t h e  oxygen completely from t h e  system a t  low 
temperatures.  
syne rg i s t i c  i ron - t in  c a t a l y s t  which f a c i l i t a t e s  t h e  improved bond breaking compared 
t o  the i ron  c a t a l y s t .  
t o  remove t h i s  oxygen from the  o i l .  The inc rease  i n  t o t a l  oAygeninthe o i l  f ract ion 

? 2  The dramatic 

Tin is a l s o  t h e  best  

This suggests 

It  is  a reasonable pr;esumption t h a t  it i s  t h e  t r a c e  of t i n  i n  the  

Increasing the r e a c t i o n  temperature t o  3 8 5 ° C  is  s u f f i c i e n t  
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*' above 385OC f o r  un t r ea t ed ,  i r o n  and i r o n - t i n  c o a l s  suggests t h a t  t hese  c a t a l y s t s  
have d i f f i c u l t y  i n  removing oxygen from c e r t a i n  classes of  oxygen containing 
funct ional  groups. However, t h e  a b i l i t y  of t i n  t o  ca t a lyse  t h e  almost to ta l  
removal of  oxygen does lead t o  problems of product s t a b i l i t y .  
products repolymerise even on s tanding i n  dichloromethane so lu t ion .  It is  poss ib l e  
t h a t  higher  concentrat ions of r e a c t i v e  poly-enes are formed which are not hydro- 
genated i n  the  absence of  i r o n  or o t h e r  metals  capable of ca t a lys ing  l i que fac t ion .  

Some of t h e  der ived 

1 HYDROGEN PRESSURE DEPENDENCE 

1 
\ \  

The hydrogen pressure dependence r e a c t i o n s  w e r e  performed a t  385OC f o r  t h e  fou r  
coa l s  and a t  425OC for the coa l s  with i ron - t in  s y n e r g i s t i c  c a t a l y s t  (see FIGURES 
5 t o  7 ) .  The most s i g n i f i c a n t  f ea tu re  is t h a t  i n  a l l  ca t a lysed  r eac t ions  t h e  to ta l  
conversion (FIGURE 5) increases  with p re s su re  u n t i l  a c r i t i c a l  pressure is  reached 
above which increasing the  hydrogen p res su re  has  a reduced e f f e c t .  
and i ron-t in  c a t a l y s t s  a t  385OC t h e  c r i t i ca l  pressure is 4MPa i n i t i a l  hydrogen 
while for the  t i n  a t  385°C and i r o n - t i n  a t  425OC 6MPa i s  t h e  c r i t i c a l  hydrogen 
pressure.  Furthermore increasing hydrogen pressure r e s u l t s  i n  s i g n i f i c a n t l y  
more asphaltene being produced f o r  t h e  t i n  (385"C) and i ron - t in  ( a t  385OC and 425OC) 
c a t a l y s t s  (FIGURE 6) while it has l i t t l e  e f f e c t  on o i l  production from both 
catalysed and non catalysed c o a l s  a t  385OC (FIGURE 7 ) .  However, a t  425OC t h e  o i l  
production from i ron - t in  coa l  shows a marked hydrogen p res su re  dependence 
(FIGURE 7 )  and these s tud ie s  suggest t h a t  a s u i t a b l e  i n i t i a l  hydrogen pressure 
f o r  obtaining high conversion i n  ca t a lysed  r eac t ions  i s  not  very high e .g .  an 
i n i t i a l  pressure of 6MPa f o r  t h e  i r o n - t i n  system f o r  425°C. 

For t h e  i r o n  

CATALYTIC EFFICIENCY - USEFUL CARBON/HYDROGEN VERSUS OXYGEN REMOVAL 

While developing c a t a l y s t s  t h a t  remove oxygen from brown coa l  i s  a major ob jec t ive  
it is a l s o  important t o  ensure t h a t  t he  maximum amount of carbon and hydrogen from 
the  coa l  be c a r r i e d  through i n t o  the  use fu l  l i q u i d  products ,  i .e .  o i l  and 
asphaltene.  An add i t iona l  view of  conversion then i s  a measure of t h e  percentage 
of carbon and hydrogen c a r r i e d  through t o  t h e  use fu l  products.  
approximately 4% of t h e  carbon is  always l o s t  from t h e  system a s  carbon dioxide 
and carbon monoxide and t h a t  t h e  coa l  con ta ins  %25% oxygen,the maximum y i e l d  of  
carbon and hydrogen can only be 71% of t h e  daf coal .  
view t h e  i ron - t in  c a t a l y s t  converts  75% of t h e  ava i l ab le  carbon and hydrogen i n t o  
l i q u i d  products a t  425T  while t h e  t i n  converts  only 63%, i r o n  53% and untreated 
coal  46%. 

FIGURE 8 compares the  a b i l i t y  of  t h e  ca ta lys t  t o  remove oxygen and t o  convert  t h e  
ava i l ab le  carbon and hydrogen i n t o  use fu l  products.  The most e f f i c i e n t  c a t a l y s t  
w i l l  be c l o s e s t  t o  t he  45 degree l i n e o n  the  coordinate  system. All of t h e  coa l s  l i e  
t o  t h e  l e f t  of t h e  l i n e  which shows t h a t  a l l  four  of  t h e  r eac t ion  systems have a 
preference f o r  t h e  removal of oxygen r e l a t i v e  t o  converting t h e  carbon and hydrogen 
t o  useful  products.  This t r end  is  p a r t i c u l a r l y  t r u e  f o r  high temperature r eac t ions  
where the  s h i f t  t o  t he  l e f t  is  a s soc ia t ed  with g r e a t e r  production o f  hydrocarbon 
gases and, i n  t h e  case of t i n  ca t a lysed  r eac t ions ,  s i g n i f i c a n t  repolymerisation of 
mater ia l  which w a s  i n i t i a l l y  soluble  i n  methylene ch lo r ide .  The exception is  the 
i ron - t in  c a t a l y s t  which l ies very close t o  t h e  l i n e  and a t  one po in t  (corresponding 
t o  425OC) a c t u a l l y  shows a s l i g h t  preference f o r  converting t h e  carbon and hydrogen 
i n t o  l i q u i d  products.  I n  o rde r  o f  c a t a l y s t  e f f i c i e n c y  t h e  four  c o a l s  are ranked 
i n  order ;  

Recognising t h a t  

Considered from t h i s  po in t  o f  

' i r o n  - t i n  > t i n  >> i r o n  > un t rea t ed  

CONCLUSION 

The development of  s u i t a b l e  c a t a l y s t s  and r eac t ion  condi t ions i n  t h e  l i que fac t ion  of 
brown coal i s  a compromise o f  t h e  a b i l i t y  of t h e  c a t a l y s t  t o  f u l f i l l  t h e  following 
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requirements; 

. Remove a l l  of  t h e  o rgan ica l ly  bound oxygen 

- Carry the  m a x i m u m  amount of  carbon and hydrogen through 
t o  t h e  l i q u i d  products  - Minimise production of hydrocarbon gases  

Under t h e  r e a c t i o n  condi t ions chosen f o r  t h i s  s tudy (6MPa i n i t i a l  hydrogen 
pressure and a low (1:l) hydrogen donor solvent  t o  coal r a t i o )  t he  syne rg i s t i c  
i ron - t in  c a t a l y s t  is supe r io r  t o  t h e  o t h e r  t h r e e  coa l s .  It achieves i t s  object ives  
remarkably w e l l  a t  reasonably l o w  r eac t ion  temperatures (425°C) and correspondingly 
low reac t ion  p res su re  (14.6 MPa/2190 p s i  a t  425°C). Under these  condi t ions 75% of 
t h e  ava i l ab le  carbon and hydrogen is  converted t o  l i q u i d  products  and 5% t o  hydro- 
carbon gases.  A l a r g e  proport ion (60%) Of t h e  l i q u i d  product i s  p resen t  a s  o i l  
(X4 soluble)  while 73% of  a l l  oxygen has  been removed as C 0 2 ,  H 2 0  and CO. The t i n  
c a t a l y s t  is supe r io r  a t  removing oxygen (94% a t  46OOC) bu t  produces more hydro- 
carbon gases  and i s  less e f f i c i e n t  a t  ca r ry ing  t h e  ava i l ab le  carbon and hydrogen 
through t o  l i q u i d  products (63% a t  425OC). I t  i s  poss ib l e  t h a t  t h e  t i n  r equ i r e s  
higher hydrogen p res su res  t o  prevent  repolymerisation o f  t h e  unstable  asphaltenes 
a t  these temperatures.  A t  425’C/6MPa hydrogen t h e  i r o n  c a t a l y s t  i s  only 7% b e t t e r  
than untreated coa l  f o r  convert ing ava i l ab le  carbon and hydrogen i n t o  useful  
l i qu ids .  
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